Background-Hypertrophic cardiomyopathy is a genetic disease characterized by cardiac hypertrophy, myocyte disarray, interstitial fibrosis, and left ventricular (LV) dysfunction. We have proposed that hypertrophy and fibrosis, the major determinants of mortality and morbidity, are potentially reversible. We tested this hypothesis in ␤-myosin heavy chain-Q 403 transgenic rabbits. Methods and Results-We randomized 24 ␤-myosin heavy chain-Q 403 rabbits to treatment with either a placebo or simvastatin (5 mg · kg -1 · d -1 ) for 12 weeks and included 12 nontransgenic controls. We performed 2D and Doppler echocardiography and tissue Doppler imaging before and after treatment. Demographic data were similar among the groups. Baseline mean LV mass and interventricular septal thickness in nontransgenic, placebo, and simvastatin groups were 3.9Ϯ0.7, 6.2Ϯ2.0, and 7.5Ϯ2.1 g (PϽ0.001) and 2.2Ϯ0.2, 3.1Ϯ0.5, and 3.3Ϯ0.5 mm (Pϭ0.002), respectively. Simvastatin reduced LV mass by 37%, interventricular septal thickness by 21%, and posterior wall thickness by 13%. Doppler indices of LV filling pressure were improved. Collagen volume fraction was reduced by 44% (PϽ0.001). Disarray was unchanged. Levels of activated extracellular signal-regulated kinase (ERK) 1/2 were increased in the placebo group and were less than normal in the simvastatin group. Levels of activated and total p38, Jun N-terminal kinase, p70S6 kinase, Ras, Rac, and RhoA and the membrane association of Ras, RhoA, and Rac1 were unchanged. Conclusions-Simvastatin induced the regression of hypertrophy and fibrosis, improved cardiac function, and reduced ERK1/2 activity in the ␤-myosin heavy chain-Q 403 rabbits. These findings highlight the need for clinical trials to determine the effects of simvastatin on cardiac hypertrophy, fibrosis, and dysfunction in humans with hypertrophic cardiomyopathy and heart failure. (Circulation. 2001;104:317-324.)
C ardiovascular disease is the single most common cause of death in the Western world. 1 Heart failure, the predominant long-term outcome of all forms of cardiovascular disease, accounts for Ϸ450 000 deaths per year in the United States alone. 1 Cardiac hypertrophy and interstitial fibrosis, the common responses of the heart to all forms of injury, are the major determinants of morbidity and mortality from cardiovascular disease. 2, 3 Familial hypertrophic cardiomyopathy (HCM), a genetic model of cardiac hypertrophy and fibrosis, 4 is the most common cause of sudden cardiac death in the young and a major cause of heart failure in elderly. 5 Hypertrophy and fibrosis, as in acquired cardiovascular disease, are also the primary determinants of mortality and morbidity in HCM. 6, 7 The molecular genetic basis of HCM has been elucidated, and Ͼ100 mutations in 9 genes encoding sarcomeric proteins have been identified. 4 Experimental studies 4 in conjunction with studies in humans 8 have provided significant insight into the pathogenesis of HCM and have led us and others to propose that the primary abnormality in HCM is impaired myocardial mechanical function. 9 Accordingly, increased myocyte stress, which is imparted by the mutant contractile proteins, activates "stress-responsive" intracellular signaling molecules in a manner similar to pressure-overload, thus provoking the transcriptional machinery to induce hypertrophy and fibrosis. Thus, hypertrophy and fibrosis in HCM are "secondary phenotypes" and are potentially reversible.
We generated a transgenic rabbit model for HCM by the cardiac-restricted expression of ␤-myosin heavy chain (MyHC)-glutamine 403 (Q 403 ), which is known to cause HCM in humans. 10 The ␤-MyHC-Q 403 rabbits fully recapitulate the phenotype of human HCM and exhibit cardiac hypertrophy, interstitial fibrosis, myocyte disarray, and cardiac dysfunction, 11, 12 and they serve as a desirable model to determine the effects of therapies targeted at specific pathways to reverse cardiac hypertrophy, fibrosis, and dysfunction. Recently, 3-hydroxy-3-methyglutaryl-coenzyme A (HMG-CoA) reductase inhibitors (statins) have been shown to inhibit angiotensin II-mediated myocyte hypertrophy 13, 14 and to block intracellular signaling molecules implicated in cardiac hypertrophy. [15] [16] [17] Thus, we determined the effects of simvastatin, a pleiotropic HMG-CoA reductase inhibitor, on cardiac hypertrophy, fibrosis, and dysfunction in the ␤-MyHC-Q 403 transgenic rabbits.
Methods
The mutant ␤-MyHC-Q 403 transgenic rabbits were generated as described previously, and their phenotypic characteristics were the same as those published previously. 11, 12 A total of 24 adult ␤-MyHC-Q 403 transgenic rabbits were matched for age and sex and randomized to either treatment with a placebo or simvastatin. Twelve age-and sex-matched nontransgenic littermates were included as controls. Baseline M-mode, 2D, Doppler echocardiography and tissue Doppler imaging were performed in all rabbits. The primary end point was regression of left ventricular (LV) mass, as detected by 2D echocardiography. The secondary end points were changes in interventric-ular septal thickness, posterior wall thickness, cardiac function, interstitial fibrosis, and myocyte disarray. Simvastatin was mixed with rabbit high-fiber diet #5326 (prepared by Purina Test diet) and was fed to rabbits at a concentration of 5 mg · kg -1 · d -1 , which is considered a safe dose in rabbits, 18 for 12 weeks. Follow-up echocardiographic studies were performed at the completion of the study. Echocardiographic images were obtained and analyzed as described previously. 11, 12 
Detection and Quantification

Fibrillar Collagen
Interstitial collagen volume fraction was determined as described previously. 19 In brief, 5-m-thick myocardial sections were stained with collagen-specific Sirius red F3BA and were analyzed by an investigator who was blinded to the groups, in 10 randomly selected fields per section, in 10 sections per rabbit, and in 12 rabbits per group in a random fashion by computerized planimetry. Perivascular and epimysial collagens were excluded. To confirm the results of picrosirius red staining, 5 additional thin sections were stained with Masson trichrome and analyzed for collagen volume fraction.
Myocyte Disarray
Myocyte disarray was detected and quantified as described previously, with some modifications. 19 Each myocardial section was divided into 50 fields of approximately equal size, and the presence or absence of disarray in each field was scored. Number of fields per section showing disarray was computed as percent showing disarray (per section) and the total percent disarray was determined in 8 sections per rabbit (400 fields per rabbit). Areas of myocardium at the junctions of interventricular septum with the ventricles and sections near the blood vessels, trabeculations, and papillary muscles were excluded.
Expression of Skeletal ␣-Actin
The expression of skeletal ␣-actin, a marker of secondary cardiac hypertrophy, was detected by Northern blotting. In brief, 20-g aliquots of total RNA extracts were loaded onto formaldehydeagarose gels, electrophoresed, and transferred to nylon membranes. 11 A 502-bp fragment of the rabbit skeletal ␣-actin gene was amplified by polymerase chain reaction. Oligonucleotide primers (forward primer: 5ЈTCATGGTCGGTATGGGTCAGA3Ј; reverse primer: 5Ј CCTCATAAATGGGCACGTTG3Ј) were designed on the basis of the sequence of human skeletal ␣-actin (GenBank accession number M20543). The probe was labeled with [ 32 P]dCTP and hybridized to membranes. Signals were detected by autoradiography and quantified by spot densitometry.
Signaling Kinases and Molecules
Expression levels of total and phosphorylated extracellular signalregulated kinase (ERK) 1/2, p38, and p70S6 kinase were detected by immunoblotting using pan-specific and phospho-specific antibodies. Expression levels of total and phosphorylated Jun N-terminal kinases (JNKs) were detected by immunoblotting after immunoprecipitation with specific antibodies. All primary antibodies were used at a concentration of 1:200, and secondary antibodies were used at concentrations of 1:1000 to 1:2000.
Activation of Ras was detected by selective-affinity precipitation of Ras-GTP with immobilized Raf-1 (Ras binding domain), and Ras detection was determined by blotting with a pan-isoform-specific Ras antibody. Activation of Rac was determined by selective affinity precipitation of Rac-GTP with immobilized p21 activated kinase 1 (Rac binding domain). A positive control assay, composed of Ras activation after the timed exposure of cultured mink lung epithelial cells to 10% fetal calf serum, was included.
Subcellular Fractionation and Localization of Ras and RhoA
To determine the degree of membrane association of Ras, RhoA, and Rac1, we performed subcellular fractionation of heart tissue. For each sample, 300 mg of tissue was homogenized in 14 mL of hypotonic buffer (10 mmol/L Tris-HCl [pH 7.5], 1.0 mmol/L MgCl 2 , 0.5 mmol/L phenylmethylsulfonyl fluoride, 10 g/mL leupeptin, and 10 g/mL aprotinin). The lysate was then transferred to a polycarbonate ultracentrifuge tube and spun at 100 000g for 90 minutes at 4°C. The supernatant fluid (representing the cytosolic fraction) was transferred to a new microcentrifuge tube; the pellet (representing the membrane fraction) was resuspended in 1 mL of hypotonic buffer, to which was added 1% sodium dodecyl sulfate. A total of 15 g of the cellular and membrane fractions were fractionated on SDS-PAGE gels and analyzed by Western blotting using monoclonal anti-Ras and anti-RhoA (Upstate Biotechnology Inc).
Statistical Analysis
Continuous variables were expressed as meanϮSD. Differences among the groups were compared by ANOVA for phenotypes with equal variance and by Kruskal-Wallis test for those with unequal variance. Differences at baseline and follow-up in each group were compared by paired t tests.
Results
Phenotype in the Mutant ␤-MyHC-Q 403 Transgenic Rabbits
There were no significant differences in the mean age, male/female ratio, body weight, heart rate, or blood pressure between the ␤-MyHC-Q 403 transgenic and nontransgenic rabbits (Table 1) . However, as shown previously, LV mass, interventricular septal thickness, posterior wall thickness, and left atrial size were increased significantly in the ␤-MyHC-Q 403 rabbits compared with nontransgenic ones (Table 1) . Similarly, Doppler indices of LV filling pressures, early (E) and late (A) mitral inflow velocities, E/A ratio, and E/early diastolic velocity (Ea) ratio were increased significantly and isovolumic relaxation time was decreased. Furthermore, myocardial systolic and diastolic velocities were reduced significantly. Collagen volume fraction and the extent of myocyte disarray were increased in the ␤-MyHC-Q 403 rabbits (Table 1) .
Expression levels of activated ERK1/2 were increased by Ϸ2-fold in the ␤-MyHC-Q 403 rabbits compared with nontransgenic rabbits ( Figure 1 ). Levels of total ERK1/2 were unchanged. We detected no significant increase in the levels of total and activated p38, JNKs, Ras, Rac1, or p70S6 kinase, a downstream target of phosphatidylinositol 3-kinase, in the ␤-MyHC-Q 403 rabbits (Figures 1 and 2A ). In addition, the membrane association of Ras, Rac1, and RhoA was not significantly changed ( Figure 2B ).
Effects of Simvastatin on LV Hypertrophy, Fibrosis, and Function
There were no significant differences in mean age, male/ female ratio, body weight, heart rate, blood pressure, or cardiac phenotype, including LV mass, interventricular septal thickness, posterior wall thickness, LV end-diastolic diameter, LV end-systolic diameter, mitral inflow and pulmonary venous Doppler velocities, and tissue Doppler indices, at baseline between the placebo and simvastatin groups ( Table  2) . Therefore, the placebo and simvastatin groups were well matched.
Treatment with simvastatin reduced mean LV mass by 37%, interventricular septal thickness by 21%, posterior wall thickness by 15%, and LV end-diastolic diameter by 13% (Table 1) . Concordant with regression of cardiac hypertrophy, Doppler indices of LV filling pressure, namely E/A ratio (reduced 35%), isovolumic relaxation time (improved 7.5%), septal E/Ea ratio (reduced 48%), and lateral E/Ea (reduced 46%) were improved significantly, indicating a lower LV filling pressure. Similarly, the time interval between the atrial reverse wave and antegrade mitral flow was reduced (by 167%), indicating a lower left atrial pressure. 20 Myocardial systolic and diastolic velocities at both corners of mitral annulus also showed significant improvement. Collectively, Doppler data indicate a significant reduction in the LV filling pressure and improvement in myocardial contractile and relaxation properties.
Interstitial collagen volume fraction was reduced by 44% in the simvastatin group (nontransgenic, 3.6Ϯ1.2%; placebo, 9.6Ϯ2.2%; simvastatin, 5.4Ϯ1.5% of the myocardium; Pϭ0.001). Representative micrographs of Masson trichrome staining are shown in Figure 3 . Myocyte disarray comprised 5.7Ϯ1.8%, 12.0Ϯ4.1%, and 10.2Ϯ2.2% of the myocardium in nontransgenic, placebo, and simvastatin groups, respectively (placebo versus simvastatin, Pϭ0.295).
Expression of the skeletal ␣-actin was increased in the placebo group compared with nontransgenic rabbits, and treatment with simvastatin reduced its expression Ͼ3-fold ( Figure 4 ).
Effects of Simvastatin on Intracellular Signaling Kinases and Molecules
Treatment with simvastatin significantly reduced activated ERK1/2 to levels less than those in the nontransgenic rabbits (Figure 2A ). Simvastatin had no significant effect on total and activated p38, JNKs, Ras, Rac1, and p70S6 kinase or the membrane association of Ras, Rac1, and RhoA in the mutant ␤-MyHC-Q 403 rabbits (Figure 2 ).
Discussion
We generated a transgenic rabbit model of human HCM by cardiac-restricted expression of ␤-MyHC-Q 403 , which is known to cause HCM in humans. 10 The adult ␤-MyHC-Q 403 rabbits fully recapitulate the phenotype of human HCM and exhibit cardiac hypertrophy, myocyte disarray, interstitial fibrosis, increased LV filling pressure, and reduced myocardial contraction and relaxation velocities. 11, 12 We performed a randomized study and treated the mutant ␤-MyHC-Q 403 rabbits with a placebo or simvastatin for 12 weeks. Treatment with simvastatin reduced LV mass, wall thickness, and filling pressure significantly. In addition, collagen volume fraction was reduced by Ϸ50%, but the extent of myocyte disarray was unchanged. Levels of activated ERK1/2 were increased in the mutant ␤-MyHC-Q 403 rabbits and were reduced to less than normal after treatment with simvastatin. The expression of skeletal ␣-actin, a marker of secondary hypertrophy, which was increased in the ␤-MyHC-Q 403 , was reduced after treatment with simvastatin. Thus, simvastatin induced the regression of cardiac hypertrophy and fibrosis, improved LV filling pressures, and reduced the levels of activated stressresponsive ERK1/2 in a transgenic rabbit model of human HCM.
The study was randomized, and there were no significant differences in the baseline demographic and echocardiographic phenotypes between the placebo and simvastatin groups. We acquired the data and performed extensive phenotypic characterization without knowledge of the group assignment. The results were concordant for strong beneficial effects of simvastatin on molecular (reduction in phospho-ERK1/2 and expression of skeletal ␣-actin), histological (reduction of fibrosis), structural (LV mass and wall thickness), and functional (reduction of LV filling pressures and improvement of myocardial contraction and relaxation velocities) phenotypes. Similarly, significant improvement in indices of hypertrophy and LV filling pressure at follow-up (compared with baseline) were detected only in the simvastatin group. The observed beneficial effects of simvastatin in the ␤ -MyHC-Q 403 rabbits are in accord with the effects of statins on the prevention of angiotensin II-induced myocyte hypertrophy 13 and pressure-overload-induced hypertrophy in rats. 14 The dose of simvastatin used in this study is considered safe 18 and similar to a previously used dose of 3.6 mg · kg -1 · d -1 , which was shown to induce regression of cardiac hypertrophy in load-induced hypertrophy. 14 The above dose is higher than the conventional dose of simvastatin used in humans (up to 80 mg/d) and, thus, whether the observed results could be extended to human patients with HCM and heart failure needs to be explored.
The mechanism(s) by which simvastatin induces the regression of hypertrophy and fibrosis and improves cardiac function is likely to involve downregulating the levels of activated ERK1/2, the predominant stress-responsive intracellular signaling kinase involved in modulating cardiac hypertrophy. 21 Simvastatin, an HMG-CoA reductase inhibitor, has pleiotropic effects that interact with the effects of renin-angiotensin aldosterone system pathways. Simvastatin has also been shown to induce the regression of load-induced cardiac hypertrophy by reducing the activity of the angiotensin-converting enzyme and the cardiac content of angiotensin II. 14 Simvastatin inhibits the synthesis of isoprenoid intermediates of cholesterol biosynthesis farnesylpyrophosphate and geranylgeranylpyrophosphate, which are used in the posttranslation modification of the Ras and the Rho family of proteins, respectively, by isopropenyl transferases. 22 This modification step is considered essential for maturation, membrane localization, and the subsequent activation of small GTP-binding proteins. 23 We found no significant differences in the activation and membrane association of Ras, Rac1 and RhoA. However, the lack of a significant increase in activation of the selected small GTP-binding proteins in the heart of ␤-MyHC-Q 403 rabbits does not necessarily exclude their involvement in the pathogenesis of HCM. It may reflect the nature of the stimulus, which is chronic and relatively low, in contrast to in vitro cell culture experiments, in which the stimulus is acute and strong. It is also possible that Ras-independent mechanisms are involved in the activation of ERK1/2 and the effects of simvastatin in the heart of ␤-MyHC-Q 403 rabbits. For example, G-protein-coupled receptor agonists can activate ERK1/2 through the protein kinase A/Rap1-B/Raf pathway and through the activation of phospholipase C. Activated phospholipase C catalyzes the hydrolysis of phosphatidyl-inositol bisphosphate into diacyl-glycerol and inositol trisphosphate. The latter induces calcium release from the endoplasmic reticulum and, together with diacyl-glycerol, activates protein kinase C. Protein kinase C and Ca 2ϩ lie upstream of a family of mitogen-activated protein kinases and plays a critical role in activating ERK1/2. 24 -26 Other pathways, including mitogenactivated protein (MAP) kinase kinases (MKKKs) such as Nck-interacting kinase and adaptor proteins such as Grb2, could also activate (MAP/ERK kinase kinase [MEKK] 1)/ (MAP/ERK kinase 1/2) and, subsequently, ERK1/2. 27 Furthermore, scaffolding or anchoring proteins such as 14-3-3, by regulating protein-protein interactions and subcellular localization, could activate the components of the MEKK1 pathway. 27 Moreover, complex interactions between mitogen-activated protein kinase, Ca 2ϩ -calmodulin/calcineurin, and ␤ 1 -integrin pathways exists that could lead to the activation of ERK1/2. Therefore, a variety of upstream regulators, including Ras-independent pathways, could activate ERK1/2. Extensive investigation of signaling pathways and the mechanism(s) by which simvastatin suppresses the activation of ERK1/2 in the ␤-MyHC-Q 403 rabbits require additional investigations.
Hypertrophy and fibrosis are the major clinical and pathological phenotypes of HCM, which is the most common cause of sudden cardiac death in the young. 5 None of the existing pharmacological therapies for HCM induces a regression of hypertrophy and fibrosis or reduces mortality. 28 Similarly, myomectomy and nonsurgical septal ablation are considered palliative therapies that are limited to patients who have significant septal hypertrophy and resting outflow tract obstruction. Therefore, our findings in a transgenic rabbit model that fully recapitulates the phenotype of HCM in humans is the first pharmacological intervention to reverse the underlying pathology, ie, cardiac hypertrophy, fibrosis, and dysfunction. Because the penetrance of the causal mutations in HCM is age-dependent, our findings also raise the possibility of an early intervention to prevent the development of cardiac phenotype in HCM. Furthermore, because hypertrophy and fibrosis are the common responses of the heart to all forms of injury and are major determinants of mortality and morbidity, 2,3 our findings could have broader implications for the treatment and prevention of all forms of cardiovascular disease. We note that simvastatin has a well-established safety profile, and it has been used extensively in humans. Thus, our results highlight the need for a clinical trial to determine the potential salutary effects of simvastatin in humans with HCM or heart failure.
In summary, we have shown that simvastatin, a pleiotropic HMG-CoA reductase inhibitor, induces the regression of cardiac hypertrophy and fibrosis, reduces levels of activated stress-responsive signaling kinases, and improves LV filling pressures in a transgenic rabbit model that fully recapitulates the phenotype of human HCM. These findings, if confirmed in humans, could provide a new option for the treatment and prevention of cardiac hypertrophy, fibrosis, and dysfunction in HCM and in all forms of cardiovascular disease. 
